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GlpGThe ﬁrst member of the rhomboid family of intramembrane serine proteases in bacteria was discovered
almost 20 years ago. It is now known that rhomboid proteins are widely distributed in bacteria, with some
bacteria containing multiple rhomboids. At the present time, only a single rhomboid-dependent function
in bacteria has been identiﬁed, which is the cleavage of TatA in Providencia stuartii. Mutational analysis has
shown that loss of the GlpG rhomboid in Escherichia coli alters cefotaxime resistance, loss of the YqgP
(GluP) rhomboid in Bacillus subtilis alters cell division and glucose uptake, and loss of the MSMEG_5036
and MSMEG_4904 genes in Mycobacterium smegmatis results in altered colony morphology, bioﬁlm forma-
tion and antibiotic susceptibilities. However, the cellular substrates for these proteins have not been identi-
ﬁed. In addition, analysis of the rhombosortases, together with their possible Gly-Gly CTERM substrates, may
shed new light on the role of these proteases in bacteria. This article is part of a Special Issue entitled:
Intramembrane Proteases.
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The rhomboid family of intramembrane serine proteases was
initially identiﬁed in Drosophila, where they are required for growthembrane Proteases.
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.V.factor signal generation by cleaving membrane bound precursors [1–3].
The rhomboid proteases are widely distributed in bacteria and a number
of very detailed and elegant biochemical, structural and theoretical
studies of bacterial rhomboids have been conducted, primarily of AarA
in Providencia stuartii and GlpG in Escherichia coli and Haemophilus
inﬂuenzae [4–23]. Despite the presence of one, and in some cases, multi-
ple rhomboid proteases in a given bacterium, our current knowledge of
their role in bacterial physiology is limited. To date, only three rhomboid
proteases have been identiﬁed where clear phenotypes are associated
2850 P. Rather / Biochimica et Biophysica Acta 1828 (2013) 2849–2854with loss of function: (i) AarA in P. stuartii, which cleaves an N-terminal
segment of the TatA protein allowing it to interact with the TatC in the
twin-arginine transport (Tat) protein secretion pathway [23–25]. The
Tat pathway is then required for production of an unidentiﬁed quorum
sensing signal [26,27], (ii) YqgP (GluP) in Bacillus subtilis, where muta-
tions alter glucose transport and cell division [28], and (iii) the rhomboid
protease MSMEG_4904 in Mycobacterium smegmatis where mutants
exhibited altered colony morphology, reduced bioﬁlm formation, re-
duced ﬁtness and increased susceptibility to kanamycin, isoniazid and
the DNA gyrase inhibitors ciproﬂoxacin and novobiocin [29]. In addition
to these physiological roles, in somebacteria, artiﬁcial substrates of rhom-
boid proteases have been identiﬁed andmay give additional clues to their
function. For example, in E. coli, the rhomboid protease GlpG can cleave
transmembrane segments of the LacY permease and theMdfAmultidrug
transporter, although the full-length proteins are not cleaved [12,21,30].
This ﬁnding suggests that rhomboid proteases may function in the
turnover ofmisfolded or degradedmembrane proteins. Bioinformatic ap-
proaches using consensus cleavage sites for AarA have identiﬁed a num-
ber of targets for this rhomboid andmay reveal new functions in P. stuartii
[22]. In addition, the recent identiﬁcation of a rhomboid subfamily desig-
nated rhombosortasesmay reveal new clues regarding possible functions
for the rhomboid proteases in bacteria [31]. In this review, a summary of
known functions of rhomboid proteases will be discussed. In addition, a
discussionof other possible functionswill be presentedbasedonbioinfor-
matics analyses of rhomboid substrates.
2. Role of rhomboid proteases in bacteria
2.1. Identiﬁcation of GlpG in E. coli
The E. coli glpG gene was the ﬁrst prokaryotic rhomboid gene to be
cloned, although its actual role as a rhomboid protease was not
established until 2002 [32]. In E. coli, the glpG gene is encoded within
the glpEGR operon [33]. This gene organization is highly conserved in
othermembers of the Enterobacteriaceae. The glpE gene encodes a trans-
ferase that transfers sulfane from thiosulfate to cyanide anddithiols [34].
The glpR repressor regulates the glp regulon in the absence of glycerol
[35]. The cellular substrates of GlpG and its role in E. coli are unknown
[12,21,36]. It has been well established that GlpG can cleave a variety
of eukaryotic substrates, such as Spitz, Gurken, and Keren [32]. In addi-
tion, studies in E. coli have shown that GlpG can cleave an artiﬁcial sub-
strate composed of a periplasmicβ-lactamase fused to a transmembrane
region from LacY [12] or truncated forms of the MdfA transporter
[30]. A null allele of glpG did not result in any discernible phenotypes
under laboratory conditions, except a slight increase in resistance to
the β-lactam antibiotic cefotaxime [36]. Importantly, the glpEGR operon
was expressed under laboratory conditions, therefore, the lack of an ob-
vious phenotype cannot be due to lack of expression under laboratory
conditions [36]. Identiﬁcation of a role for GlpGmay require phenotypic
analysis under more biologically relevant conditions, such as during
growth in a bioﬁlm or within the human intestine or urinary tract.
2.2. Identiﬁcation of AarA in P. stuartii
P. stuartii is a Gram-negativemember of the Proteeae and primar-
ily causes infections of the urinary tract in humans [37,38]. The aarA
gene was independently identiﬁed in two separate genetic screens
that were used to identify mutations that altered transcription of
the aac(2′)-Ia gene and expression of a quorum sensing regulated
lacZ fusion (cma37-lacZ) [26,27]. The aac(2′)-Ia gene encodes an
aminoglycoside acetyltransferase capable of inactivating certain
aminoglycosides [37,38]. However, the aac(2′)-Ia gene is chromo-
somally encoded and intrinsic in P. stuartii [37]. This suggested a
housekeeping function and additional studies demonstrated that
the AAC(2′)-Ia enzyme possessed O-acetyltransferase activity and
was capable of O-acetylating peptidoglycan at N-acetylmuramylresidues [39]. This modiﬁcation participates in regulating the activity
of autolysins involved in peptidoglycan degradation [39].
The levels of aac(2′)-Ia expression are not sufﬁcient to confer
resistance to aminoglycosides in wild-type strains of P. stuartii. However,
aminoglycoside resistant mutants can arise frommutations that increase
aac(2′)-Ia expression [37,38]. One component of aac(2′)-Ia regulation re-
sults from a secreted quorum sensingmolecule termed Acetyltransferase
Repressing factor (AR-factor) produced by P. stuartii cells [26]. This se-
creted signal was below 5 kDa in size, heat resistant, protease sensitive
and it reduced aac(2′)-Ia mRNA accumulation in high density cultures
[26]. In a search for genes that altered aac(2′)-Ia regulation, a transposon
insertion in a gene designated aarAwas identiﬁed and resulted in a 4-fold
increase in aac(2′)-Ia transcription based on both RNA analyses and
reporter lacZ fusions [24]. The increase in aac(2′)-Ia expression in aarA
mutants wasmore pronounced at high density, suggesting the possibility
that AarA participated in a quorum sensing pathway.
The aarA gene was identiﬁed again in a second independent genetic
screen where transposon mutagenesis was used to identify genes that
altered the expression of a quorum sensing regulated lacZ fusion
(cma37-lacZ) [27]. The cma37-lacZ fusion contains lacZ fused to anoper-
on containing genes that likely encode a D-methionine uptake locus. In-
sertions that decreased cma37-lacZ expression mapped to aarA were
identiﬁed and further characterization of these mutants demonstrated
that they produced lower levels of the quorum sensing signal that acti-
vated cma37-lacZ at high cell density. Interestingly, the aarA-dependent
signal was also required for activation of 3 additional lacZ fusions,
indicating that the AarA-dependent extracellular signal participated in
global gene regulation [27].
In addition to altering quorum sensing, the aarAmutations resulted
in two additional phenotypes; (i) the inability of cells to properly sepa-
rate during the ﬁnal stages of cell division resulting in chains of cells
connected together, and (ii) loss of a diffusible yellow pigment that is
secreted into the surrounding agar during growth. The aberrant cell di-
vision phenotype provided the ﬁrst clue that aarAmutations altered the
twin-arginine transport (Tat) pathway, which is discussed below [40].
2.3. AarA and Rhomboid-1 are functionally interchangeable
The demonstration by Urban et al. that Rhomboid-1 and AarA could
cleave the same substrates in-vitro, together with the identiﬁcation of a
role for AarA in intercellular signaling in P. stuartii led to the proposal
that eukaryotic and prokaryotic rhomboids may function in a similar
manner [32,41]. Gallio et al. then examined the functional interchange-
ability of AarA and the Rhomboid-1 protein fromDrosophila [42]. Expres-
sion of the prokaryotic AarA in the wings of transgenic ﬂies resulted in
increased vein tissue, vein thickening and blistering of the wing, pheno-
types similar to that reported when Rhomboid-1 was overexpressed
[42,43]. In addition, AarA expression could rescue the phenotypes of
veinlet alleles, which reduce Rhomboid-1 activity [42]. In reciprocal
experiments, expression of the rhomboid-1 gene in P. stuartii restored
extracellular signal production to an aarAmutant. The rhomboid-1 gene
also corrected the cell chaining phenotype and restored production of
the yellow pigment missing in aarA mutants [42]. These experiments
suggested that both AarA and Rhomboid-1 generated a signaling
molecule by a common mechanism where proteolysis of a membrane
bound substrate released the signal. However, subsequent experiments
revealed that AarA had an indirect role in signal production and was di-
rectly required for activity of the twin-arginine translocase (Tat) protein
export system as described below.
2.4. Role of AarA in function of the twin-arginine translocase (Tat)
protein export system
The twin-arginine dependent translocation system is required
for the transport of pre-folded, cofactor-containing proteins with
a twin-argininemotif within the signal sequence across the cytoplasmic
Escherichia coli TatA MGGISIWQLLIIA
Providencia stuartii TatA MESTIATAAFGSPWQLIIIA
Providencia stuartii TatA 2-8 MAFGSPWQLIIIA
Fig. 1. TheN-terminal regions of TatA from E. coli and P. stuartii are aligned. The arrowhead
indicates the site of rhomboid-mediated processing of TatA in wild-type P. stuartii. Also
shown is the sequence of the truncated form of TatA (TatAΔ2–8) that functions indepen-
dently of rhomboid cleavage.
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system, although only three subunits, TatA-C, are absolutely required
for protein export [45,48]. Early observations linking aarA mutants in
P. stuartii with a Tat defect was the prominent cell division phenotype,
where cells failed to separate during cell division resulting in chains of
interconnected cells [24]. This cell chaining phenotype is seen in E. coli
tat mutants and results from the mislocalization of the Tat substrates
AmiA and AmiC, which function as amidases and cleave the peptide
moiety from N-acetyl muramic acid of peptidoglycan that facilitates
the separation of cells during division [40,49–52]. The aarA mutant
was also unable to grow onMacConkey agar, which contains the deter-
gent sodium deoxycholate. This phenotype can also be linked to the Tat
transport pathway, because tat mutants are hypersensitive to deter-
gents [40].
Direct evidence linking the AarA rhomboid protease with correct
functioning of the Tat systemwas the identiﬁcation of tatA as amulticopy
suppressor of the aarAmutation. In experiments to clone genes encoding
rhomboid homologs in Proteus mirabilis, an organism closely related to
P. stuartii, the tatA gene was repeatedly isolated as a high copy suppres-
sor of the aarA mutation based on restored production of extracellular
pigment [23]. A P. stuartii aarA mutant containing the P. mirabilis tatA
gene was restored to a normal cell division phenotype, could grow on
MacConkey agar and produced the yellow pigment seen in wild-type
strains [23]. This ability to suppress an aarA mutation was not unique
to the P. mirabilis tatA protein. The E. coli tatA or the highly similar tatE
geneswere also identiﬁed as high copy suppressors of the aarAmutation
[23]. However, using screens for restored pigment or growth on
MacConkey agar, the tatA gene from P. stuartiiwas never isolated. Inter-
estingly, the P. stuartii tatA gene could be isolated from the same library
when complementing an E. coli tatAmutant. Moreover, when the native
TatA protein from P. stuartii (TatAPs) was expressed in an aarA mutant,
there was no restoration of the aarA mutant phenotypes, even though
TatAPs was shown to complement the phenotypes of an E. coli tatA/tatE
double mutant. Analysis of the TatAPs sequence indicated that it
contained an extension of seven amino acids at the N-terminus when
compared to the TatAPm and TatAEc proteins (Fig. 1) [23]. It was hypoth-
esized that the TatAPs protein had to be processed by the AarA rhomboid
protease in order to function normally. The TatAPm and TatAEc proteins
functioned in an AarA-independent manner because they were both
naturally missing this N-terminal extension. To experimentally verify
this hypothesis, a C-terminally tagged TatA-His6 fusion protein was
constructed and Western blot analysis indicated that the TatA-His was
processed in wild-type, but not in an aarA mutant [23]. The processing
site was identiﬁed and occurred between the eighth and ninth amino
acids (Fig. 1). To verify whether that processing of TatA by AarA was
direct, puriﬁed AarA and TatA-His were used to examine proteolytic pro-
cessing in-vitro. The in-vitro and in-vivo processing sites of TatA-His6
were shown to be identical [23]. Based on the above data, a TatAPs variant
that was missing the ﬁrst eight amino acids was constructed to see if it
bypassed the aarAmutation and restored Tat function (Fig. 1). The TatAPs
Δ2–8 variant restored all the Tat-dependent phenotypes to an aarA
mutant [23].
2.5. Rhomboid dependent processing of TatA is required for its interaction
with TatC
The E. coli TatA protein can form complexes with TatB, with TatBC
and as a separate TatA homo-oligomer [53–56]. TatA protein itself
may form the actual pore for protein secretion [57]. The processing
that removes the N-terminal extension from TatA in P. stuartii is not
required for insertion into the membrane, as unprocessed TatAPs is
found within membrane fractions of an aarA mutant [23]. However,
recent work by Fritsch et al. has revealed the mechanism for the
dependence on Rhomboid processing of TatAPs to function in E. coli
[25]. In the absence of the native E. coli rhomboid GlpG, the TatAPs is
unable to rescue an E. coli tatA mutant. The E. coli GlpG enzymeremoved the N-terminal extension on TatAPs, a requirement for activity
as demonstrated by the GlpG independent rescue of a tatAmutant by a
form of TatAPs that was missing amino acids 2–8. One of the features of
TatA is the formation of homo-oligomers. However, the unprocessed
form of TatAPs was still able to self interact and form multimers in
vitro. Removal of the N-terminal extension on TatAPs was required to
form large TatAPs complexes in-vivo that also required TatB and TatC.
This data together with the requirement for the processing of TatAPs
in order to interact with TatC, indicates that a functional Tat transport
complex is not formed unless TatAPs is processed by a rhomboid prote-
ase, either the native AarA or GlpG. A model summarizing the role
of AarA in generating a functional Tat protein secretion complex is
shown in Fig. 2.
2.6. The Tat protein secretion system and not AarA is required for the
production/activity of a quorum-sensing signal
Although aarAmutants were originally identiﬁed by their failure to
produce an extracellular quorum-sensing signal, the fact that TatA in
high copy could restore signal production to an aarAmutant indicated
that it was the Tat export system and not AarA itself that was required
for activity or production of the extracellular signal [23]. This was veri-
ﬁed by the construction of a tatC null mutant, which resulted in loss of
signal production thus demonstrating that a functional Tat secretion
system was required [23]. The mechanism by which the Tat system is
required for signal production is unclear. However, the possibility that
the peptide released by TatA cleavage functioned as a signaling mole-
cule has been ruled out by several observations: (i) in a tatC mutant
there is no signal activity, yet TatA is still processed normally [23] and
(ii) the TatAEc and TatAPm proteins are missing the extension that
would generate the signal, yet they still restore signal production to
an aarAmutant.
At the present time, a role for the Tat export system in quorum sens-
ing has not been reported in other bacteria and themechanism for loss of
signal production in P. stuartii tatmutants is unknown. One possibility is
that a gene product exported by the Tat system is required for signal pro-
duction or activity. A large number of Tat-exported proteins function in
anaerobic respiration and signal production or activity may be coupled
to this process [47]. Alternatively, as previously noted, the export of the
AmiA and AmiC enzymes is Tat-dependent and one or more of these
amidases have a role in signal production, possibly via the breakdown
of peptidoglycan [49–52]. TheAmiA andAmiC enzymes removepeptides
from the N-acetyl muramic acid moiety of the glycan backbone generat-
ing either a pentapeptide or a tetrapeptide fragment thatmay function as
an extracellular signaling molecule [51,52,58]. A third possibility is that
the extracellular signal is a cofactor normally associated with a protein
exported by the Tat system. Fe–S, molybdopterin, NADP, and nickel are
some examples of cofactors associated with proteins exported by the
Tat system [47]. Upon completion of export, the cofactor may become
disassociated and act as a signaling molecule.
2.7. Possible additional roles for AarA in P. stuartii
Work by Strisovsky et al. has led to the identiﬁcation of a conserved
region that characterizes the Rhomboid cleavage site [22]. Based on stan-
dard protease nomenclature, residues at the P4, P1 and P2′ positions
TatA
TatC  TatB            TatA processing
AarA
 TatA oligomers




         signal
Non-functional Tat complex Functional Tat complex
Fig. 2. Shown is a model depicting a role for the AarA-dependent processing of TatA in the generation of a functional Tat secretion complex. Solid black lines represent the cyto-
plasmic membrane and the location of the TatA, TatB, TatC and AarA proteins is shown. In the absence of TatA processing by AarA, the N-terminal extension prevents the interaction
of TatA with TatC (left side). However, when TatA is processed in an AarA-dependent manner, it is able to interact with TatC (middle portion of this ﬁgure). Upon binding to TatC,
the processed form of TatA can oligomerize and form a pore as part of a functional Tat secretion complex. An unidentiﬁed function of the Tat secretion complex then generates a
quorum-sensing signal that is released outside the periplasm by an unknown process.
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with a small side chain, P4 requires large hydrophobic residues and P2′
has hydrophobic residues without regard to size. Using this information,
13 proteins (both Type-I and type-III) encoded in the P. stuartii genome
were identiﬁed as candidates with this motif. Of these 13 proteins,
TatA and four additional proteins were shown to be cleaved in-vitro by
puriﬁed AarA. These additional proteins functioned in DNA replication
(ParC homolog), protein translocation (YajC homolog), signal transduc-
tion and possibly metal resistance. To our knowledge, none of these
functions have been investigated in an aarAmutant.
2.8. YqgP (GluP) in B. subtilis
The yqgP (gluP) gene is present in an operon in Bacillus subtilis,
which is also composed of the yqgQ and glcK genes, the latter
encoding glucokinase. The GluP protein is a member of the rhomboid
proteases. Work by Mesak et al., demonstrated that a yqgP mutant
exhibited two phenotypes, a slight decrease in glucose uptake and a
cell division defect with the formation of ﬁlamentous cells [28]. The
yqgP mutant also exhibited a slight defect in sporulation, although
this may have resulted from the cell division defect. However, in
these studies, the possibility of polar effects on the downstream
genes was not addressed by complementation. Additional studies to
address the role of YqgP (GluP) in B. subtilis or identify its cellular
substrate(s) have not been reported and the role of this rhomboid
remains poorly deﬁned.
2.9. Rhomboids in Mycobacteria
The use of a P. stuartii aarA mutant allowed for the identiﬁcation of
two Mycobacterial rhomboid proteins by functional complementation
[29]. These proteins were designated rhomboid protease-1 and rhom-
boid protease 2. In Mycobacterium tuberculosis, the rhomboid protease
1 is encoded by the Rv0110 gene and the rhomboid protease 2 is
encoded by Rv1337. The corresponding genes in M. smegmatis were
designated MSMEG_5036 (rhomboid protease 1) and MSMEG_4904
(rhomboid protease 2). To address the function of these rhomboids,
in-frame, non-polar deletions were constructed in the MSMEG_5036
and MSMEG_4904 genes inM. smegmatis. Both mutants exhibited sub-
tle differences in colony morphology and reduced bioﬁlm formation,
with the MSMEG_4904 mutant exhibiting a much greater defect [29].
The MSMEG_4904 mutant exhibited several additional differencesincluding; reduced ﬁtness during co-culture experiments with a
wild-type strain and increased sensitivity to kanamycin, isoniazid and
the DNA gyrase inhibitors ciproﬂoxacin and novobiocin [29]. The
MSMEG_5036 mutant also exhibited increased sensitivity to these
antibiotics, but to a lesser degree. Interestingly, the above phenotypes
seen in the MSMEG_4904 mutant were largely reversed when the
MSMEG_5036 gene was also mutated, suggesting that a compensatory
mechanism was activated in the double mutant.
2.10. Rhombosortases
The rhombosortases are classiﬁed as rhomboid-like proteases and
were identiﬁed based on comparative genomic analysis in which they
were co-distributed with a unique family of proteins that contain a
Gly-Gly-CTERM domain [31]. This domain is proposed to function in
membrane anchoring and is the putative site of cleavage for the
rhombosortase enzymes. This domain has been identiﬁed in 108
bacterial genomes and is present between 1 and 13 times in each ge-
nome. Most of the GlyGly CTERM proteins possess a signal peptide, but
no obvious transmembrane segments other than the GlyGly CTERM
region [31]. Analysis of the GlyGly CTERM proteins has revealed that
the majority of these proteins are annotated as proteases, many of
which are annotated as being secreted. Additional proteins that have
been identiﬁed include putative; peptidyl-prolyl cis–trans isomerases,
nucleases, and several outer membrane proteins, including OmpA
from various Acinetobacter spp. The use of partial phylogenetic proﬁling
(PPP) and a hidden Markov model led to the identiﬁcation of a
rhomboid-like protease subfamily, designated rhombosortases that
demonstrated an almost perfect co-occurrence with the GlyGly
CTERM proteins. In genomes with a single GlyGly CTERM protein,
the rhombosortase tended to be encoded adjacent to the GlyGly
CTERM protein. To our knowledge, a rhombosortase mutant has
not been reported in any bacterium, nor have the corresponding pro-
teins been puriﬁed and shown to cleave the GlyGly CTERM proteins.
Therefore, their role in bacteria remains unknown.
3. Conclusions
Despite identiﬁcation of the ﬁrst bacterial rhomboid almost
20 years ago, and the presence of rhomboid proteases in a large num-
ber of bacteria, we understand very little regarding their roles in
cellular functions. Especially surprising is that the substrates of GlpG
2853P. Rather / Biochimica et Biophysica Acta 1828 (2013) 2849–2854in E. coli, the most widely studied bacterium to date, remain unknown.
As discussed in this review, only AarA in P. stuartii, MSMEG_5036 and
MSMEG_4904 in M. smegmatis, GlpG in E. coli and GluP in B. subtilis
have been shown to confer speciﬁc phenotypes when mutated. Of
these proteins, only one physiologically relevant substrate has been
identiﬁed, which is the TatA protein of the twin-arginine protein secre-
tion complex, which is cleaved by AarA in P. stuartii.
The function of the vast majority of rhomboid proteases has
remained elusive and there are a multitude of reasons why this may
be the case. First, a certain rhomboid protease may have minor roles
in a bacterium and the phenotypes resulting from mutations may
not be easily identiﬁed. Second, rhomboid proteases may not have
important roles during growth under standard laboratory condition
or alternatively may not be expressed under these growth conditions
making it impossible to determine the function by standard genetic
screens. Third, the presence of multiple rhomboids in certain organ-
isms may prevent the identiﬁcation of phenotypes from a single
mutant, if the additional rhomboids have redundant functions.
The use of bioinformatics approaches similar to those used by
Strisovsky et al. to predict substrates for AarA may be required to iden-
tify rhomboid substrates in other bacteria and then ascertain functions
from this information [22]. Interestingly, this approach identiﬁed a ParC
homolog as a substrate of AarA in P. stuartii and this information togeth-
er with the ﬁnding that inactivation of the MSMEG_4904 gene in
M. smegmatis decreased resistance to the quinolone class of antibiotics
suggests that MSMEG_4904 may be required for activity of a ParC-like
protein in M. smegmatis. Moreover, bioinformatic based approaches
could be used to identify TatA homologs with amino acid N-terminal
extensions similar to that seen in P. stuartii. In these organisms, a rhom-
boid protease similar to AarA may be required to cleave the N-terminal
extension and allow interaction with the Tat complex. Lastly, the
rhombosortase family of proteases may provide additional clues to
rhomboid function in bacteria. A detailed genetic and biochemical anal-
ysis of these proteins and the subsequent demonstration that they are
able to cleave members of the GlyGly CTERM containing substrates
will reveal new functions for this elusive class of proteases in bacteria.Acknowledgements
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